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GROUNDWATER IN THE GREAT LAKES BASIN: THE




A decade has passed since President Carter's August 7, 1978 decla-
ration of the Love Canal hazardous waste site as a disaster area' and a
growing list of groundwater related crises has since emerged. Govern-
ment only recently has recognized groundwater as a critical element of
the environment. In the Great Lakes-St. Lawrence system, as elsewhere,
surface water quality and quantity traditionally have provided the envi-
ronmental focus. While a number of state and provincial initiatives were
undertaken in the early 1980s, it was not until the signing of the 1987
Protocol (Annex 16) amending the U.S.-Canada Great Lakes Water
Quality Agreement 2 that direct provision was made for groundwater
from a perspective of the Great Lakes hydrologic basin. Unfortunately,
little action has since resulted.
The purpose of this article is to review the nature of the ground-
water system in the Great Lakes region, discuss the use and abuse of
groundwater, and finally, identify a number of policy implications bear-
ing on appropriate regulation of human activities that affect ground-
water. Groundwater is of interest from three perspectives: (1) as a direct
source of water to wells; (2) as a water source for wetlands, streams,
rivers, and lakes; and (3) as a medium for transport of contaminants. In
* Research Associate, Institute for Research on Public Policy, Ottawa; Ph.D. candidate,
School of Urban Planning, McGill University, Montreal. The initial opportunity to compile much
of the information presented in this paper was provided through participation in a state-of-the-envi-
ronment review of the Great Lakes basin jointly undertaken by the Conservation Foundation (Wash-
ington, D.C.) and the Institute for Research on Public Policy (Ottawa, Ontario). Results of that
project were published early this year in GREAT LAKES, GREAT LEGACY? The authors of the book
were members of the Project Team: Theo Colborn, Sharon Green, and Rich Liroff of the Conserva-
tion Foundation, and Al Davidson, Ian Jackson and myself of the Institute for Research on Public
Policy. Many of the ideas presented in this paper were refined through discussions with the Project
Team, and to them I am greatly indebted. However, responsibility for the material in its present
form remains my own.
1. A. LEVINE, LOVE CANAL: SCIENCE, POLITICS AND PEOPLE 44 (1982).
2. Revised Great Lakes Water Quality Agreement of 1978, Nov. 18, 1987, United States-
Canada, Protocol, Annex 16, at 122, U.S.T., T.I.A.S. (1988) (Agreement, with Annexes and Terms
of Reference between the United States and Canada signed at Ottawa, Ontario, November 22, 1978,
and Phosphorous Load Reduction Supplement signed October 7, 1983, as amended by Protocol
signed November 18, 1987).
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spite of the growing realization of the important role of groundwater, it
remains largely a missing link: scientific understanding of groundwater
in general and groundwater in the Great Lakes basin in particular is ex-
tremely limited. Part of the explanation for this lack of knowledge de-
rives from its newness as a science.
Human use of groundwater from wells dates from long before re-
corded history. However a "scientific" base did not start to form until
late in the last century.3 It was not until 1940 that the exact mathemati-
cal equations which govern steady-state groundwater flow were pro-
posed.4 Only in 1962 was a method of mathematically modeling the
groundwater flow system introduced 5 while the modeling of regional
groundwater flow was undertaken for the first time in 1966.6 Finally, it
is only in the past two decades that the principles of contaminant migra-
tion in groundwater flow systems have begun to be rigorously formalized
and brought into practical use.
Thus, there has been a mere twenty years for modern understanding
to find its place alongside the folklore and legend that has for centuries
controlled the ideas of underground water. It is only in the last half of
these twenty years that policymakers have confronted the fact that sub-
surface investigation of groundwater systems is somewhat more expen-
sive than water witching. It is only now that policymakers are learning
that once groundwater systems are abused, costs of rehabilitation are
prohibitive. In terms of providing a poignant example of the value of
preventative action, the issue of groundwater is rarely exceeded. These
lessons, of course, are most dramatically illustrated by the experience of
hazardous waste disposal and the U.S. Superfund legislation.
7
The brief history outlined above, while providing part of the expla-
nation of the present state of knowledge, more importantly offers a con-
text for the mind-set of decisionmakers. Unless rather exceptional
circumstances prevailed, it is unlikely that most of today's deci-
sionmakers received an education that included any treatment at all of
the principles of groundwater flow. They, too, will think that under-
ground streams, rivers, and lakes mysteriously arise at the call of the
3. W. WALTON, GROUNDWATER RESOURCE EVALUATION 6 (1970).
4. See Hubbert, The Theory of Groundwater Motion, 48 J. GEOLOGY 785 (1940).
5. Toth, A Theory of Groundwater Motion in Small Drainage Basins in Central Alberta, Can-
ada, 67 J. GEOPHYS. RES. 4375 (1962); Toth, A Theoretical Analysis of Groundwater Flow in Small
Drainage Basins, 68 J. GEOPHYS. RES. 4795 (1963).
6. Freeze & Witherspoon, Theoretical Analysis of Regional Groundwater Flow (pts. 1 & 2), 2
WATER RESOURCE RES. 641 (1966), 3 WATER RESOURCE RES. 623 (1967).
7. For a critical discussion of United States Superfund legislation, see Freeze & Cherry, What
Has Gone Wrong?, 27 GROUNDWATER 458-64 (1989).
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gods. It was certainly only a few short decades ago, or less, that under-
ground burial of waste-out of sight, out of mind-was an encouraged
practice. However, groundwater, and many of the contaminants it trans-
ports, does behave in accordance with some basic, easily understood
principles. These principles provide my starting point.
II. THE NATURAL GROUNDWATER SYSTEM
Groundwater moves as part of the dynamic, continuous, three-di-
mensional system shown in Figure 1. Water from rain and snowmelt
percolates through the soil, initially through an unsaturated zone and
then into a saturated zone. The water table marks the top of the satu-
rated zone. In the Great Lakes basin, the level of precipitation and the
nature of the rock and soil generally result in groundwater moving from
highland recharge zones to lowland discharge zones as illustrated in Fig-
ure 2A. It follows various pathways eventually to exit to wetlands,
streams, rivers, lakes or into surficial soil horizons where it may evapo-
rate or be transpired through vegetation.
Depending on climatic, topographic, and geological conditions, the
pathway from infiltration to exit may be tens of meters or many miles. In
any case, the flow is usually so slow that even in shallow, "local" flow
systems, the travel time is often measured in years or decades. If the
groundwater enters a deeper "regional" system, it may be thousands of
years before it emerges. Older groundwater usually acquires a higher
chemical content from natural sources and, as a result, is often "hard."
The conditions described above apply generally throughout the
Great Lakes hydrologic basin. However, to the south of the basin, parts
of the eight Great Lakes states may experience drier conditions which
could cause a seasonal reversal of the local groundwater flow direction.
Such a reversal is shown schematically in Figure 2B.
The overall direct contribution of groundwater to the total volume
of flow in the five Great Lakes and their connecting channels has not
been firmly established. Early work on Lake Ontario concluded that this
contribution was negligible.8 Studies on Lake Michigan indicate that
groundwater discharge through the lake bottom sediments may be as
much as 18% of the contribution of tributary flow to the lakes. 9
8. INLAND WATERS BRANCH, (CAN.) DEP'T OF THE ENV'T, SCI. SERIES No. 9, GROUND-
WATER INFLOW INTO LAKE ONTARIO FROM THE CANADIAN SIDE 63 (1972); see also INLAND
WATERS BRANCH, (CAN.) DEP'T OF ENERGY, MINES AND RESOURCES, TECH. BULL. No. 23, RE-
GIONAL GROUNDWATER FLOW BETWEEN LAKE SIMCOE AND LAKE ONTARIO 1-39 (1970).
9. GROUNDWATER CONTAMINATION TASK FORCE, SCI. ADVISORY BD. (WINDSOR, ONTA-
RIO), INT'L JOINT COMM'N, A STUDY PROPOSAL FOR ASSESSING POTENTIAL FOR GREAT LAKES
CONTAMINATION VIA GROUNDWATER 28 (1985).
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Neither of these estimates deals with the issue of groundwater con-
tribution to the upland lakes, streams, and rivers that subsequently feed
the Great Lakes along with direct precipitation. American researchers
have estimated that more than half of the streamflow entering the U.S.
Great Lakes basin may be from groundwater inflow. 12 In contrast, be-
cause of different hydrogeologic conditions, the average annual contribu-
tion of groundwater to streamflow on the Canadian side of the basin has
been estimated as less than 20%.13
These "local" contributions to upland lakes and streams, through
influencing tributary chemistry, likely are of much greater significance to
overall surface water quality than discharge of deep, "regional" ground-
water directly to the Great Lakes. 14 In the past, groundwater usually has
been thought to be most significant for surface water in sustaining
streams during low-flow periods between rainfall and snowmelt events.15
More recent work 16 has suggested that storms, through recharge of the
unsaturated zone, may cause a pressure pulse that displaces groundwater
through the system.1 7 As a result, groundwater could, in fact, be having
a significant impact on surface water quality in some tributaries not only
during low-flow times but also during high runoff events.
Factors such as rock or soil composition and the degree of fractur-
ing in rock and compacted glacial till, lead to different zones in the sub-
surface having different abilities to store or transport water. Zones that
hold substantial amounts of water, and through which groundwater
moves relatively easily, are known as aquifers. In contrast, other zones,
called aquitards, can be equally saturated but may not store large quanti-
ties and do not transmit water easily.
While aquifers are sought for water supplies, aquitards are avoided.
12. GREAT LAKES BASIN COMM'N, GREAT LAKES BASIN FRAMEWORK STUDY, app.3 at 8
(1975) (Geology and Groundwater) [hereinafter GREAT LAKES BASIN].
13. ONTARIO MINISTRY OF NATURAL RESOURCES, WATER QUANTITY RESOURCES OF ONTA-
RIO 46 (1984).
14. Telephone interview with Professor Robert N. Farvolden, Waterloo Centre for Ground-
water Research, Univ. of Waterloo, Waterloo, Ontario (Apr. 22, 1988).
15. Freeze, Streamflow Generation, 12 REV. GEOPHYS. 627 (1974).
16. See, e.g., Bottomley, Craig & Johnston, Neutralization of Acid Runoff by Groundwater Dis-
charge to Streams in Canadian Precambrian Shield Watersheds, 75 J. HYDROLOGY 1 (1984-1985);
INDUSTRIAL RESEARCH INST., UNIV. OF WINDSOR, FINAL REPORT TO THE ONTARIO MINISTRY
OF THE ENVIRONMENT: THE FEASIBILITY OF USING ENVIRONMENTAL ISOTOPES FOR STREAM-
FLOW HYDROGRAPH SEPARATIONS IN THE APIOS CALIBRATED WATERSHEDS (1983); Sklash &
Farvolden, The Role of Groundwater in Storm Runoff, 43 J. HYDROLOGY 45 (1979); Sklash,
Farvolden & Fritz, A Conceptual Model of Watershed Response to Rainfall, Developed Through the
Use of Oxygen-18 as a Natural Tracer, 132 CAN. J. EARTH ScI. 271 (1976).
17. Bottomley, Craig & Johnston, Oxygen-18 Studies of Snowmelt Runoff in a Small Precamb-




However, aquitards play a critical role in a number of technical problems
including waste management. For example, site selection for the new
toxic waste disposal facility in Ontario included a key requirement for a
subsurface geology of silts and clays (an aquitard) that would naturally
limit contaminant migration from both accidental spills and ongoing
waste management activities.1 8
In the highly variable and continuous spectrum of natural condi-
tions, designation of a certain geologic unit as either an aquifer or an
aquitard can be exceedingly arbitrary. For policy purposes this problem
is important to understand. If regulation is dependent on concise aerial
definition, in many geologic conditions, application of such regulation
will be complicated by unclear boundary definition.
Conditions controlling groundwater flow vary greatly across the
Great Lakes basin. Figure 3 gives the bedrock geology in the eight Great
Lakes states, southern Ontario, and in Quebec along the St. Lawrence
River. Also shown are the state and provincial boundaries as well as the
limit of the hydrologic basin. Three distinct geologic domains exist and,
for clarity, these are shown on Figure 4. In the north lie the ancient
granitic rocks of the Canadian Shield that are host to the iron ore, ura-
nium, and metal deposits that drive much economic activity. Lake Supe-
rior is almost entirely bounded by these rocks.
Abutting these rocks on the south are sedimentary rocks deposited
between 290 and 570 million years ago as seas or freshwater swamps
periodically covered the interior of the continent. These originally flat
lying rocks have been gently warped and buckled to lie now in the form
of broad basins and domes that make up the Interior Platform. Here is
found the oil, gas, coal, and salt deposits that have been so critical to
regional development. The majority of the land area of the eight Great
Lakes states lies within the Interior Platform.
Several hundred million years ago, folding and telescoping of the
sedimentary rocks along the eastern margin of North America occurred
as North America and Africa collided. These processes led to the crea-
tion of the third distinct bedrock region shown in Figure 4 - the Appa-
lachian Mountain belt in Pennsylvania and New York.
During the last two million years, a series of vast ice sheets swept
southward from the Arctic and covered the entire Great Lakes area ex-
cept for some parts of Minnesota, Wisconsin, Ohio, and Pennsylvania.1 9
18. GARTNER LEE ASSOCs., LTD., ONTARIO WASTE MANAGEMENT CORP., PRIMARY ENVTL.
INFORMATION, PT. 1. GEOLOGICAL/HYDROLOGICAL INVENTORY, PROJECT No. 82-1002 (1982).
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As the ice advanced, it scoured the rock surface and eroded the rocks
away along weak zones. When the ice sheet retreated, the current drain-
age system was left, including the five Great Lakes. Also, the Canadian
Shield region essentially was scraped free of soil, while to the south a
blanket of unconsolidated materials including silt, sand, gravel, and boul-
ders had been dumped, sometimes to a thickness of more than 100
meters.
Near the end of this period, the St. Lawrence Valley was immersed
by the Champlain Sea and thick beds of marine clays were deposited in a
saltwater environment. Saltwater trapped in subsurface interstices dur-
ing this period still affects groundwater quality today.
Each bedrock unit and surficial deposit has different characteristics
that contribute to defining the groundwater flow system. For example, in
rock, the nature of fractures or interconnected solution channels is criti-
cal, while in unconsolidated surface sediments, grain size is important.
In addition, climate controls the supply of water (through precipitation)
and the land relief defines the extent that gravity drives groundwater mo-
tion. All of these factors together contribute to the nature of ground-
water flow.
From the policy perspective of regulating human activities that de-
grade groundwater quality or cause mining of the groundwater system
(extracting more than nature supplies), it is the factors above that must
be understood if an optimal regulatory system is to be designed. For
example:
- What is the practical meaning of an "aquifer" for use in regulation?
- What differences might be expected from a waste management fa-
cility sited in a "recharge" area as opposed to a "discharge" area?
- What is the relationship between boundaries of the natural ground-
water system and political boundaries?
- Is the debate regarding control of pollution at source versus man-
aging receiving water quality the key debate for groundwater as it
is for surface water?
I will return to these and other related questions in Section IV following
a review of groundwater use and abuse in the eight Great Lakes states,
Ontario, and Quebec.
III. GROUNDWATER USE AND ABUSE
Initial interest in groundwater stemmed from its use as a drinking
water source. Table 1 provides an estimate of the number of people in
TION OF THE GREAT LAKES 1-16 (P. Karrow & P. Calkin, eds.) (Geological Association of Canada
Special Paper No. 30, 1985).
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the eight Great Lakes states, Ontario, and Quebec who depend on
groundwater. The jurisdictions are listed in order of the percentage of
the state/province population dependent on groundwater.
Fully half of the residents of the Great Lakes region depend on
groundwater for their primary water supply, ranging from 90% of the
residents in Pennsylvania to 17% in Quebec. In the Great Lakes hydro-
logic basin proper and not including Quebec (see Figure 3), roughly 7.5
million of the 35.1 million basin residents (about 21%) depend on
groundwater for their drinking water supply.
20
TABLE 1. ESTIMATE OF THOSE IN THE EIGHT GREAT LAKES STATES,
ONTARIO, AND QUEBEC WHO DEPEND ON GROUNDWATER AS A
PRIMARY WATER SUPPLY
Population Those dependent on
198721 groundwater
22
Jurisdiction (thousands) (thousands) (%)
Pennsylvania 11,874 10,700 90
Minnesota 4,243 3,200 75
Wisconsin 4,791 3,200 67
Indiana 5,518 3,240 59
Michigan 9,191 4,600 51
Ohio 10,784 5,400 50
Illinois 11,569 5,600 48
New York 17,759 6,200 35
Ontario 9,271 2,800 23
Quebec 6,593 1,121 17
TOTAL 91,593 46,061 50
Table 2 provides an indication of the main uses of groundwater in
each of the ten jurisdictions. Although the data are incomplete, munici-
pal and domestic water suppliers are clearly the dominant users of
groundwater while agricultural and industrial users are important but
secondary. As will be discussed later, industrial activities and agriculture
are major sources of groundwater abuse. Thus, as with many environ-
mental problems, those who cause the problem of groundwater contami-
20. GREAT LAKES, GREAT LEGACY? supra note 9.
21. U.S. population estimates are from GREAT LAKES COMM'N, TRAVEL, TOURISM AND
OUTDOOR RECREATION IN THE GREAT LAKES STATES: A STATISTICAL PROFILE 31 (1989).
Canadian population estimates are from CANADIAN ALMANAC AND DIRECTORY (1989).
22. U.S. estimates compiled from the 1988 state reports to Congress under § 305(b) of the
Federal Water Pollution Control (Clean Water) Act of 1977, Pub. L. No. 95-217, 91 Stat. 1566
(codified as amended at 33 U.S.C. §§ 1251-1376 (1988). See infra note 24. Canadian estimates
compiled from INLAND WATERS DIRECTORATE, TECH. BULL. No. 140, & NATIONAL HYDROLOGY
INSTITUTE, ENVIRONMENT CANADA, PAPER No. 28, GROUNDWATER USE IN CANADA in 1981
(1986). [hereinafter GROUNDWATER USE IN CANADA].
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nation are not necessarily those who must immediately bear the
consequences.




groundwater use in percent
Total Use municipal rural industrial
Jurisdiction M.G.P.D.** systems domestic agriculture self supply
Pennsylvania * * * * *
Minnesota 696 37 19 22 22
Wisconsin * * * * *
Indiana * * * * *
Michigan 530 41 30 17 12
Ohio 740 52 2 16 30
Illinois 1,100 43 11 22 24
New York * * * * *
Ontario 309 51 18 23 8
Quebec 167 38 22 29 11
* not available
•* million gallons (U.S.) per day
The following highlights regarding groundwater use are drawn from
the 1988 state reports24 to the U.S. Congress under Section 305(b) of the
Clean Water Act:
25
- In Pennsylvania, more than two-thirds of all public water supplies
and almost all private water supplies are drawn from groundwater. It
provides 90% of all freshwater used in the state and contributes 70% of
stream flow under average conditions, 100% in low flow conditions.
- In Minnesota, 94% of public water supply systems and 75% of do-
mestic water supply systems (by number) are drawn from groundwater.
It provides 88% of all agriculture irrigation.
23. U.S. data compiled from state reports to Congress under § 305(b) of the Federal Water
Pollution Control (Clean Water) Act of 1977, Pub. L. No. 95-217, 91 Stat. 1566 (codified as
amended at 33 U.S.C. §§ 1251-1376 (1988)). They reflect a variety of years from 1980 to 1988.
Canadian data are taken from Canadian data in GROUNDWATER USE IN CANADA, supra note 22,
with 1981 figures prorated for population growth to 1987.
24. ILL. ENVTL. PROTECTION AGENCY, ILLINOIS WATER QUALITY (305(b)) REPORT, 1986-
1987 (1988); IND. DEP'T OF ENVTL. MANAGEMENT, INDIANA 305(b) REPORT, 1986-1987 (1988);
MICH. DEP'T OF NATURAL RESOURCES, 305(b) REPORT, WATER QUALITY AND POLLUTION CON-
TROL IN MICHIGAN 99-106 (1988); MINN. POLLUTION CONTROL AGENCY, MINNESOTA WATER
QUALITY, WATER YEARS 1986-87, (§ 305(b) Report, 1988); N.Y. STATE DEP'T OF ENVTL. CON-
SERVATION, NEW YORK STATE WATER QUALITY (Section 305(b) Report, 1988); OHIO ENVTL.
PROTECTION AGENCY, OHIO WATER QUALITY INVENTORY (Section 305(b) Report, 1988); PA.
DEP'T OF ENV'T RESOURCES, 1988 WATER QUALITY ASSESSMENT (§ 305(b) Report, 1988); WiS.
DEP'T OF NATURAL RESOURCES, WISCONSIN WATER QUALITY REPORT TO CONGRESS (1988)
(Publication WR-192 88) [hereinafter STATE WATER QUALITY REPORTS].
25. Pub. L. No. 95-217, 91 Stat. 1566 (codified as amended at 33 U.S.C. §§ 1251-1376 (1988)).
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- In Wisconsin, groundwater provides 100% of rural domestic sup-
plies, 98% of municipalities' supplies, and 94% of cities' and villages'
supplies. Roughly 700,000 wells are in active use.
- In Indiana, 426 public water systems are supplied through 1,775
wells while 2,975 non-community water systems draw from an additional
3,439 wells. Half a million homes have private well supplies.
- In Michigan, 18,000 new wells are installed each year. Ground-
water provides 100% of rural domestic supplies, 77% of livestock water-
ing, and 37% of all irrigation water.
- In Ohio, 550 public water supplies and more than a million individ-
ual wells depend on groundwater.
- In Illinois, about 3.7 million people depend on groundwater through
public water supplies. This represents 74% of all community water sup-
plies in the state.
Waterwells intersect and "interrupt" the natural groundwater sys-
tem. Extracted groundwater is replenished by water moving slowly
through the subsurface. If the amount extracted is more than the natural
system can replenish, the effect is that of mining and the water table
(reflected by the well water level) can be seriously lowered.
A dramatic illustration of groundwater mining has occurred in the
Chicago-Milwaukee area. In the late 1800s, when wells were first drilled
in this area, water flowed naturally under "artesian" conditions. Water
pressure was so great that it would, if allowed, rise 130 feet (40m) above
ground level in an open stand pipe.26 Continuous pumping since then
has caused water levels in the Chicago area to drop, on average, 800 feet
(244m). One quarter of the fall has occurred since 1971 .27 Water levels
in some Chicago area wells are now 100 to 150 feet (30-46m) below sea
level28 and the growing cone of influence extends well beyond the bound-
aries of the Great Lakes hydrologic basin causing groundwater to flow
northwest from Indiana, west from Lake Michigan, and south from Wis-
consin. 29 The withdrawal of water from Lake Michigan through the
groundwater system is substantial enough to be included in Illinois' allo-
26. ILL. STATE GEOLOGICAL SURVEY & ILL. STATE WATER SURVEY, GEOLOGY, HYDROL-
OGY, AND WATER QUALITY OF THE CAMBRIAN AND ORDOVICIAN SYSTEMS IN NORTHERN ILLI-
NOIS 73, 105 (I11. Dep't of Energy & Natural Resources Cooperative Groundwater Report 10, 1985).
27. Id.
28. U.S. GEOLOGICAL SURVEY, U.S. DEP'T OF THE INTERIOR, Northern Midwest Regional
Aquifer-System Study, in USGS CIRCULAR 1002, REGIONAL AQUIFER-SYSTEM ANALYSIS PRO-
GRAM OF THE U.S. GEOLOGICAL SURVEY, SUMMARY OF PROJECTS, 1978-84, at 75 (R. Sun ed.
1986).
29. GREAT LAKES BASIN, supra note 12, at 29.
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cation of Lake Michigan water.30
Similar groundwater mining has been a concern, though not as ex-
treme, in the Lake Winnebago area and in Green Bay, Wisconsin. 3' It
appears to be an emerging problem in some growing suburban residential
areas in southern Ontario.
32
Over the last several decades, the initial interest in groundwater as a
water supply (or in relationship to its role in engineered structures such
as foundations) has been supplemented by a concern for the role ground-
water plays in transporting contaminants from human land-based activi-
ties (e.g., farming, hazardous waste management, etc.) to both surface
water and wells. (Recently, discharging groundwater has also been rec-
ognized as essential to a variety of fish and wildlife habitats, particularly
wetlands and stream spawning areas. 33)
Groundwater quality is controlled by both natural and man-induced
factors. Major natural dissolved constituents include sodium, calcium,
magnesium, bicarbonate, sulfate, chloride, and silica. Many additional
constituents may be present including iron, strontium, potassium, car-
bonate, nitrate, and fluoride. These and other constituents do not merely
give distinctive "flavor" to the local water supplies, they can also be of
concern for human health, especially over the long term. In Wisconsin,
for example, naturally occurring radioactivity has become a source of
concern. A number of high capacity wells that tap deep sandstone aqui-
fers have been found to have radium concentrations exceeding recom-
mended standards. 34 Further, radon gas, present in host rocks and
subsequently dissolved in groundwater, can be released to the air in
showers and accumulate in dwellings. 35
Interestingly, recent investigations 36 in the Niagara Peninsula en-
countered benzene, toluene, and xylenes (BTXs) that are "very proba-
bly" derived naturally from petroleum-bearing sedimentary host rocks.37
These BTXs are chemically equivalent to some of the contaminants that
30. In re Allocation of Water from Lake Michigan, Op. and Order LMO 80-4, Div. of Water
Resources, Ill. Dep't of Transp. (Dec. 15, 1980).
31. See supra note 12, at 25-26.
32. State of Env't Reporting Branch, Environment Canada, Groundwater Quality in Ontario,
Hydrogeology, Quality Concerns, Management 5 (April 28, 1989) (draft by C. Pupp & G. Grove).
33. See Meisner, Rosenfeld & Regier, The Role of Groundwater in the Impact of Climate
Warming on Stream Salmonines, 13 FISHERIES 2 (1988).
34. Wis. DEP'T OF NATURAL RESOURCES, WISCONSIN WATER QUALITY REPORT TO CON-
GRESS (1988) (Publication WR-192 88).
35. Id.
36. Novakowski & Lapcevic, Regional Hydrogeology of the Silurian and Ordovician Sedimen-
tary Rock Underlying Niagara Falls. Ontario, Canada, 104 J. HYDROLOGY 211 (1988).




leak into the groundwater from hazardous waste sites and ultimately
may have to be factored into estimates of contaminant discharge to the
Niagara River.
Natural contamination of groundwater is important to recognize
and understand. In several areas of the Great Lakes region natural con-
tamination prevents groundwater use. 38 However, it is contamination of
groundwater from human sources that is of greatest concern. These
sources can be grouped into three broad categories:
39
1. waste disposal;
2. diffuse or non-point sources, such as the use of chemicals in agri-
culture and forestry;
3. accidental discharges, including spills and leaks.
A detailed listing of groundwater contamination sources is given in Table
3.
Three broad types of contaminants may enter the groundwater from
such sources:
1. simple inorganic substances, e.g., nitrates from septic tanks, feed-
lot wastes, fertilizers, salt from highways, etc.;
2. heavy metals, usually from industrial sources such as plating
works or mine tailings;
3. complex synthetic organic compounds derived principally from in-
dustrial and manufacturing processes and the use of pesticides.
It is the last of these categories which causes the greatest concern,
especially a subgroup known as dense nonaqueous phase liquids
(DNAPLS). These have been produced in large volume by the chemical
industry since the 1940s for a wide range of purposes from dry cleaning
to wood preservation or automobile production and repair.4° Contami-
nation by these heavy organic liquids such as carbon tetrachloride or
trichloroethylene is usually much more difficult to deal with than, say,
petroleum leaks. Small volumes of DNAPLs can contaminate large
volumes of groundwater; 4' because of their density, migration is slow and
not governed by the same principles as typical groundwater flow. 42 The
locations of most spills or leakages that took place prior to the last ten or
38. See GREAT LAKES BASIN, supra note 12; Farvolden, Fritz, Pearson & Pfannkuch, The
Precambrian Shield Region, in HYDROGEOLOGY OF NORTH AMERICA (in press); Farvolden &
Cherry, The St. Lawrence Lowlands Region, in HYDROGEOLOGY OF NORTH AMERICA (in press);
Novakowski & Lapcevic, supra note 36.
39. R. PATRICK, E. FORD & J. QUARLES, GROUNDWATER CONTAMINATION IN THE UNITED
STATES 4 (1987).
40. Cherry, Groundwater Occurrence and Contamination in Canada, in CAN. AQUATIC RE-




twenty years are not known. 43 Finally, cleanup of much of this contami-
nation is not feasible with existing technology."4 In their Biennial Re-
ports to Congress under Section 305(b) of the Clean Water Act, almost
all of the Great Lakes states report incidents of groundwater contamina-
tion by DNAPLs.
45
Injection of liquid waste into deep wells has long been a common
method of waste disposal. Just as withdrawing fluid will disrupt the flow
system, so too will adding fluid. On the U.S. side of the St. Clair River,
72 injection wells have been authorized, of which 63 are in current
TABLE 3. GROUNDWATER CONTAMINATION SOURCES. 4 6
Point Sources of Contaminants
Municipal
- municipal land fills
- municipal hazardous waste sites
- leaky sewer lines
- land spreading of sewage or sewage sludges
- spray irrigation of wastewater
- graveyards
- road salt storage areas
- on-site septic systems and cesspools
Industrial
- waste management:
- industrial land fills
- hazardous waste sites
- injection wells for disposal of liquid waste
- petroleum industry:
- landfarm and sludge disposal areas at petroleum refineries




- leaky tanks or pipelines containing petroleum products
- asphalt production and equipment cleaning sites
- chemicals used at wood preservative facilities
- manufacturing:
- leaks or spills of industrial chemicals at manufacturing facilities
- mining:
- operating mine drainage, surface or underground
- mine tailings and waste
- solution or insitu mining
43. Id.
44. Id.
45. See STATE WATER QUALITY REPORTS, supra note 24.




- fly ash from coal-fired power plants




- aboveground and underground storage tanks and containers
- open burning and detonation sites
- abandoned industrial sites:
- coal tar at old coal gasification sites









- contaminated aquatic sediments












- general contaminants in rain, snow, and dry atmospheric fallout
from all sources
- contaminated aquatic sediments
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operation, two are temporarily abandoned, and seven are permanently
plugged and abandoned.4 7 In Lambton County on the Canadian side,
there are about 35 deep injection wells that were used to dispose of
industrial wastes during the period 1958-1972 and are still used for the
disposal of cavern and oil field brines.
48
Between 1958 and 1975, several plants in the Sarnia Area Chemical
Valley adjacent to the St. Clair River on the Canadian side injected about
2 billion gallons (7.5 billion liters) of liquid industrial wastes into 16 wells
completed to about 670 feet (205m) below the ground surface.
49
Preliminary studies in 1986 indicated that this deep well disposal had
modified the natural groundwater flow system, causing at least local
upward migration of waste and possibly seepage through the bottom of
the St. Clair River.
50
Detailed studies completed since51 found that minor contamination
of the shallow freshwater aquifer had occurred but that the main volume
of injected waste appeared to be confined to the deep zone as intended.
However, a relatively active flow system also was found within this deep
disposal formation and the fate of the disposed waste remains uncertain.
Finally, and perhaps most significantly, two contaminated shallower
aquifers, characterized by unexpectedly high fluid pressures that could
lead to contamination of the shallow freshwater aquifer, were found.
The source of contamination was likely improperly completed or
abandoned wells. 52 The case serves to illustrate the complexity of such
problems and the care that must be taken in working with the
groundwater system.
Similar injection well systems exist in many parts of the Great Lakes
basin. However, the Sarnia example raises the issue of transboundary
movement of contaminated groundwater, an issue that has not been
previously addressed in the Great Lakes basin. Data is currently
insufficient to prove or disprove such a possibility but lateral flow in the
47. U.S. ENVTL. PROTECTION AGENCY, ENVIRONMENT CANADA, U.S. FISH & WILDLIFE
SERVICE, (U.S.) NAT'L OCEANIC & ATMOSPHERIC ADMIN., ENVIRONMENT ONTARIO, U.S. ARMY
CORPS OF ENG., MICH. DEP'T OF NATURAL RESOURCES, ONTARIO MINISTRY OF THE
ENVIRONMENT & DETROIT WATER & SEWER DEP'T, FINAL REPORT VOL. 2, UPPER GREAT
LAKES CONNECTING CHANNEL STUDY 277 (1988) [hereinafter UPPER GREAT LAKES STUDY].
48. Id. at 279.
49. Sklash, Mason & Scott, An Investigation of the Quantity, Quality, and Sources of
Groundwater Seepage into the St. Clair River Near Sarnia, Ontario, Canada, 21 WATER POLL. RES.
J. CANADA 351 (1986).
50. Id.
51. See, e.g., INTERA TECHNOLOGIES LTD., HYDROGEOLOGIC STUDY OF THE FRESH WATER
AQUIFER AND DEEP GEOLOGIC FORMATIONS, SARNIA, ONTARIO (1989) (Vol. 1 of a report
prepared for the Ontario Ministry of the Environment).
52. UPPER GREAT LAKES STUDY, supra note 47, at 282-83.
[Vol. 65:439
GROUND WATER POLICY CONSIDERATIONS
deep disposal zone is assessed as "likely significant" and the fate of the 2
billion U.S. gallons '(8,000,000 m3) of waste is currently unknown. 53
Much more common than contamination by deep well injection is
the transport of toxic or hazardous wastes through groundwater at
shallow depths, to contaminate well-water or discharge into streams,
rivers or lakes. This concern applies to most of the sources of
groundwater contamination previously listed in Table 3. For example, in
Michigan, more than 3,000 groundwater discharges have been
inventoried, found to have a potential for groundwater contamination
and may require discharge or storage permits.54 There are 1,778
identified sites where toxic and hazardous substances have been released
to the environment in quantities that are, or may become, injurious to
public health or the environment. 55 As of January 1988, 69 of these sites
were also on the federal Superfund list, 35 Michigan municipal well
systems were known to have been affected by toxic contaminants, and
more than 950 private residential wells had become polluted.56 In the
single case of Battle Creek-Verona, contamination led to the exposure of
approximately 50,000 residents when 27 of 30 wells in the municipal
system were contaminated with toxic chemicals. 57 More than $6 million
has since been spent to supply safe drinking water and an additional $7
million is currently estimated as likely necessary to completely control
the source and clean the aquifer. 58
The issue of solid and hazardous waste disposal is far from being
resolved. The most up-to-date available estimate indicates that in 1985,
62.2 million tons (56.5 million metric tons) of hazardous waste alone was
generated in the Great Lakes basin.59 One particularly important
example of contaminant migration through the groundwater from
hazardous waste sites exists in the basin.
When, as recently as 1984, the Niagara River Toxics Committee
(NRTC) issued its final report, 6° it was found impossible, because of lack
of data, to make any quantitative estimate of the transport of
contaminants through the groundwater to the Niagara River from
53. Id. at 202.
54. MICHIGAN DEP'T OF NATURAL RESOURCES, 305(b) REPORT, WATER QUALITY AND





59. GREAT LAKES, GREAT LEGACY? supra note 9, at 64-65.
60. ENVIRONMENT CANADA, U.S. ENVTL. PROTECTION AGENCY, ONTARIO MINISTRY OF
THE ENV'T & THE NEW YORK DEP'T OF CONSERVATION, THE NIAGARA RIVER TOXICS
COMMMI7rEE FINAL REPORT (1984).
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hazardous waste sites. Only in 1988 was a preliminary estimate
attempted. 61 More than 215 hazardous waste disposal sites had been
identified by the NRTC in Erie and Niagara counties, New York, of
which 164 are within three miles of the river and 61 have a significant
potential to pollute the river.62 Another eight had some potential for off-
site migration, or were hydraulically linked to Lake Erie or the Niagara
River. Five sites on the Canadian side of the river have a similar
potential to pollute.
63
Preliminary assessment of the migration of contaminants in the
groundwater from the U.S. side only suggests the following:
1. the estimate of total potential contaminant loadings to the Niagara
River ranged from about 117 pounds (50 kilograms) per day to 4566
pounds (2075 kilograms) per day;64
2. the "best estimate" of total potential was 694 pounds (315 kilo-
grams) per day;
6 5
3. using "best professional judgment," the best estimate of current
total actual loadings of the river from the waste sites through the
groundwater was 70% of the total potential or about 478 pounds (215
kilograms) per day;
6 6
4. of this actual loading, 394 pounds (180 kilograms) per day was
estimated to be organic compounds. 67
It is evident that these estimates are highly tentative and that much
more research and monitoring is needed, particularly on the basis of indi-
vidual chemical compounds. Such studies are currently underway. Nev-
ertheless, the implications of these estimates are profound. Table 4 gives
a comparison of the above estimates with estimates of the current point
source loadings to the Niagara River. The comparison, using the "best
estimate" of groundwater loadings, shows that the current contribution
of contaminants via groundwater may be roughly equal to the current
contribution from all point sources combined.
61. See GRADIENT CORP. & GEOTRANS INC., POTENTIAL CONTAMINANT LOADINGS TO THE
NIAGARA RIVER FROM U.S. HAZARDOUS WASTE SITES (1988) (report prepared for the Niagara
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total, 198668 245 540
Canadian point source
total, 198769 62 136
U.S. nonpoint (groundwater)
total, 198770
- best estimate 315 694
- low estimate 53 117
- high estimate 2,075 4,566
If this is so, then "cleaning up the Niagara River" 71-and Lake On-
tario-becomes infinitely more difficult. To achieve zero discharge of
contaminants from point sources takes effective action, time, and money,
but is otherwise relatively straightforward. However, the four major
Superfund sites in the area (Love Canal, 102nd Street, S-Area, and Hyde
Park) alone contain approximately 335,000 tons (304,000 tonnes) of
chemical waste. They all are situated in complex hydrogeological situa-
tions, all are hydraulically connected to the Niagara River, and all are
characterized by off-site migration of chemicals. 72 Love Canal alone has
been isolated with constantly pumping and monitored ring wells to pre-
vent further contaminant migration.
In the case of Hyde Park, approximately 40 tons (36 tonnes) of
PCBs alone have been estimated to be already in the bedrock outside the
waste dump proper and alternative calculations would raise the figure to
as high as 82.5 tons (75 tonnes).73 Only about 40% of the non-aqueous
phase chemicals have been identified,7 4 and clean up of much of this con-
tamination is not feasible with existing technology.7 5
In the Niagara River area, in addition to contaminant movement
through groundwater from hazardous waste sites, it has become apparent
that flow of contaminated groundwater from below operating industrial
68. NEW YORK STATE DEP'T OF ENVTL. CONSERVATION, COMPARISON OF 1981-82 AND
1985-86 Toxic SUBSTANCE DISCHARGES TO THE NIAGARA RIVER S-5 (1987).
69. ONTARIO MINISTRY OF THE ENV'T, UPDATE REPORT, PRIORITY CHEMICAL LOADINGS
FROM ONTARIO POINT SOURCES DISCHARGING TO THE NIAGARA RIVER 1981-1987 (1987).
70. POTENTIAL CONTAMINANT LOADINGS, supra note 61.
71. GREAT LAKES, GREAT LEGACY? supra note 9.
72. Brooksbank, Control and Management of Hazardous Waste Sites in the Niagara River
Area 5 (paper presented at the Hazardous Materials Management Conference and Exhibition of
Canada Sept. 9-11, 1987).
73. Id. at 7.
74. Id.
75. Cherry, supra note 40, at 401.
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facilities may also be significant. For example, detailed investigation of
conditions below the Hooker Chemical Niagara Plant shows highly ele-
vated levels of contaminants, at least some of which are seeping into sew-
ers that flow into the Niagara River. Levels as high as 740 milligrams
per liter of organic halogens (organic compounds of chloride, fluoride,
benzene, and toluene) have been found in the upper bedrock. 76 An as-
sessment of the overall implications of such conditions not only in the
Niagara Peninsula but also in industrialized areas throughout the Great
Lakes basin has never been undertaken.
Each state or province in the Great Lakes region has particular con-
cerns regarding groundwater quality. Table 5 lists the dominant threats
to groundwater quality in each state and Ontario.
TABLE 5. DOMINANT SOURCES OF GROUNDWATER CONTAMINATION IN
THE EIGHT GREAT LAKES STATES
7 7 AND ONTARIO.
7 8
Pennsylvania
1. acid mine drainage
2. underground storage tanks
3. surface impoundments (excluding oil and gas brine pits)
4. on-site industrial landfills
5. septic tanks
6. abandoned hazardous waste sites
7. other:
oil and gas brine pits, road salting, agricultural activities, land ap-
plication of sewage sludge
Minnesota
1. industrial/manufacturing (on-site spills, illegal or uncontrolled dis-
posal, industrial impoundments)
2. solid waste landfills and dumps
3. storage and transportation of petroleum and other products
4. agricultural activities
5. municipal impoundments and land treatment facilities
6. individual septic systems
7. road salting, salt storage
Wisconsin
1. agricultural activities
2. solid waste landfills
3. abandoned waste sites
4. underground storage tanks
5. spill incidents
76. GEOLOGIC TESTING CONSULTANTS LTD., HYDROGEOLOGIC EVALUATION OF THE
HOOKER NIAGARA PLANT SITE (1984) (report to the Niagara River Steering Committee, Ontario
Ministry of the Env't).
77. Compiled from 1986 and 1988 STATE WATER QUALITY REPORTS, supra note 24.




1. handling, storage, spillage, and eventual disposal of hazardous
waste
2. mining
3. production of brines associated with oil and gas drilling
4. agricultural activities





4. miscellaneous industrial products
5. metal plating and production
6. chemical production and manufacturing
7. salt storage
8. agriculture and food related
9. laundromats




3. leaks and spills
4. agriculture
5. household waste water systems, especially septic tanks
6. mining, oil and gas extraction and associated waste disposal
7. improperly constructed and maintained water wells
8. road salt
Illinois
1. underground storage tanks
2. abandoned hazardous waste sites
3. municipal and industrial landfills
4. agricultural activities
5. production of brines associated with oil drilling
6. industrial activity (solvents, plating, metal finishing)
7. road salting
8. coal mining and oil production
9. materials storage
New York
1. underground storage tanks
2. hazardous materials, leaks, and spills
3. abandoned hazardous waste sites
4. municipal and industrial wastewater treatment plant effluent and
small leaks and spills associated with facility housekeeping
5. municipal landfills
6. agricultural activities
7. uncovered road salt piles
Ontario
1. improper construction of well and septic systems
2. road salt
3. gasoline or heating oil storage tanks
4. industrial leaks and spills
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5. improper storage in waste disposal sites, particularly older sites
6. abandoned coal-gasification plants
7. deep well disposal
8. agricultural activities
9. storage and disposal of radioactive waste
10. mine tailings
IV. DISCUSSION: POLICY IMPLICATIONS
Others in this symposium are providing detailed reviews of regula-
tory approaches in both the U.S. and Canada for protecting groundwater
quality. However, from the material presented in the previous two sec-
tions, some regulatory-related observations emerge. These are briefly
discussed below.
A. Implications of the Groundwater Flow System Concept
The concept of the groundwater flow system is as fundamental to
regulation of human activities impacting groundwater as the idea of a
moving river is fundamental to protection of surface water or moving
weather systems are fundamental to regulation of air quality. Each
moves in a different time scale, but each moves under recognizable prin-
ciples. Many current regulations related to groundwater protection have
not been created with the benefit of this understanding.
For example, to protect water quality, municipal regulations often
require that domestic water wells be placed more than 100 feet from a
septic tank. Under some conditions this requirement may be justified.
However, if the well is located "upstream" in the flow system the re-
quirement may be unduly onerous and conversely, if it is placed "down-
stream," the requirement may be totally inadequate.
In the real world, the definition of an "aquifer" may not always be
clear-cut. An aquifer can just as easily be a highly irregular fracture zone
as a broad and homogeneous sedimentary unit. Thus, use of a defined
aquifer to limit or focus regulatory requirements may result in difficulty
rather than clarity and fairness.
If a hazardous waste site is placed in a groundwater discharge zone,
effluent from the site will not go into the groundwater system but rather
will emerge in the surface water runoff. If it is placed in a recharge zone,
effluent will indeed enter the groundwater system. The approach to
waste management will be very different in these two cases.
The time dimension of groundwater flow is essential to understand.
It is long-centuries or more. Once disrupted or contaminated, it may
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take centuries or more for natural recovery to occur. If human assist-
ance is required, the costs will be great. At a time when the concept of
"sustainable development"-an idea that commits the current generation
to preserving the quality of life and options of future generations-has
caught hold, 79 it is more important than ever to grasp the fact that time
scales governing natural systems are different than those that have tradi-
tionally governed human decisionmaking. 80 These two different time
scales must be reconciled and reflected in our regulatory systems.
Finally, the natural groundwater system obviously does not respect
political boundaries. It is imperative that adjacent jurisdictions coordi-
nate to find the highest common denominator, not the lowest. The im-
portance of this principle is no less for groundwater over the long term
than it is for two political jurisdictions that share a river basin with one
located upstream of the other. In the Great Lakes region, much work
remains before such coordination is to be achieved.
B. Control of Pollution at Source
There can be no avoiding the conclusion that the preferable course
of action for ensuring groundwater protection is preventative strategies
based on control of pollution at source. To be fair, there must be recog-
nition that natural groundwater chemistry can preclude human use, and
brines re-injected where brines were withdrawn is reasonable. But de-
pendence on the groundwater system to dilute and dissipate contami-
nants should only be allowed after appropriate investigations have
delineated the nature of the groundwater flow system. No longer can so-
ciety afford to grope blindly: the costs are too great.
79. WORLD COMM'N ON ENV'T AND DEVELOPMENT, OUR COMMON FUTURE 8-9 (1987).
80. See A. Davidson, Editor's Introduction, in THE BRUNDTLAND CHALLENGE AND THE COST
OF INACTION xxiv (A. Davidson & M. Dence eds. 1988).
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